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Quantum simulation 
with ultracold atoms
... and for that matter, ions 
are also “ultracold” ...
  
Outline?
● Motivation
● Tools
● Things going on
● Things to come
ApplicationsApplications
  
Timeline of computing
● 100BC – 1200
● Astrolabes, planispheres
● 1876 – 1950
● Mechanical computers
● 1940 – 1970
● Electric / analog comp.
● 1940 – today
● Digital computing
● Now??? ?
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Analog simulation
● Lorenz attractor
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Analog simulation
● Lorenz attractor
● High sensitivity to initial 
conditions – chaos
● Feature or problem?
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Classical technology
Switches!
  
Digital computing
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Boolean logic and arithmetic. Discrete computation 
schemes, clocked CPUs, von Neumann architecture... 
Accuracy and precision under control?
  
Quantum technologies
  
Quantum computing
The full description of quantum mechanics is given by 
a function [with] too many variables [...] How can we 
simulate quantum mechanics? [...]
● Let the computer be built with quantum 
mechanical elements that obey quantum 
mechanical laws
● Let the computer be a logical universal 
automaton, can we imitate [quantum 
mechanics]?
R. P. Feynmann, Simulating Physics with Computers,
Int. Jour. Theor. Phys. 21, 1982
  
Quantum computing
● Ingredients:
● Q degrees of freedom
● Qubit zeroing
● Qubit measurement
● Single qubit ops
● Two qubit operation
● Steps:
● Design algorithm
● Stir and control well
0 0 0 0
Efficiency?
Accuracy?
U f=exp −i H  t 
  
Quantum computing
● Ingredients:
● Q degrees of freedom
● Qubit zeroing
● Qubit measurement
● Single qubit ops
● INTERACTION
● Steps:
● Design algorithm
● Stir and control well
0 0 0 0
U f=exp −i H  t 
U I N T U I N T
  
“Analog” quantum simulator
● Ingredients:
● Flexible Q system 
● Controllable knobs
● Adjustable interactions
● Effective Hamiltonian
● Steps:
● Prepare
● Let evolve under the 
appropriate control
  
Why?
● Replacing very diffcult experiments.
● Avoiding impossible calculations
● Implementing new physics and new materials or 
systems that do not yet exist.
● Explore symmetries and operations that are 
impossible in nature: C, P, T...
● Mastering the control of quantum systems.
● Challenging our understanding of effective models.
  
Simulation toolboxes
= Just theory!
= It has been done!
  
Atoms or not?
Few atoms
● Oldest of Q technologies
● Well known Q d.o.f.
● Easy to manipulate
● Coherence, lifetime
Solid state
● Many many more variables
● Reproducible, scalable
● Emergent d.o.f.
● Ultrastrong coupling
  
Charged or neutral?
Ultracold atoms
● Slow decoherence
● Optical trapping
● Low temperatures
Trapped ions
● Fast dynamics
● Strong interactions
● Addressability
● EM confnement
  
Simulator degrees of freedom
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Internal state
Particle number
Motional state,
excitations...
H=ℏaa
  
Interaction
  
Interaction mechanisms
Contact Long range: Coulomb, 
dipolar, van der Waals ...
Feshbach-enhanced
4ℏ2a s
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3x2 x 2 x
  
On-site interaction
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On-site interaction
M. Greiner et al, Nature 415, 39-44 (2002)
  
Exchange interactions
S.  Trotzky et al, Science, 319, p.295-299 (2008)
L. M. Duan et al, PRL 91, 090402 (2003)
JJGR, M.A. Martín-Delgado, J. I. Cirac, PRL 93, 250405 (2004) 
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Reversal of exchange interactions
S.  Trotzky et al, Science, 319, p.295-299 (2008
JJGR, M.A. Martín-Delgado, J. I. Cirac, PRL 93, 250405 (2004) ) 
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Many-body interactions
H on−site=∑
n=2
U n∣n 〉 〈n∣
S. Will et al, Nature 465, 197-201 (2010)
  
Many-body interactions
S. Will et al, Nature 465, 197-201 (2010)
  
Dissipative interactions
N. Syassen et al, Science, 320 p.1329 (2008) 
H on−site≃{0 n=0,1∞ n≥2 ∣
  
Dissipative interactions
A. Kantian et al, PRL 103, 240401 (2009)
  
Dressed interactions
  
Controlled tunneling
D. Jaksch, P. Zoller, New J. Phys. 5, 26 (2003)
K. Osterloh et al, PRL 95 010403 (2005)
H hop=∑
〈 j , k 〉
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Measurement
  
Time of fight images
x , t∞  p , t=0
〈n  p〉
...in
lattice
BEC
  
Time of fight images
TG gas
  
Noise correlations
〈n  pn q〉
Mott
  
The future now
  
Addressable lattices
W. S. Bakr et al, Nature 462 (2009)
  
Single atom imaging
Jacob F. Sherson et al, Nature 467, 68-72 (2010)
  
Single atom imaging
Jacob F. Sherson et al, Nature 467, 68-72 (2010)
  
Bipartite lattices
Li
Cs
E. Alba, G. Toth, JJGR arXiv:1007.0985
K.-A. B. Soderberg, N. Gemelke, and C. Chin, New J. Physics 11, 055022 (2009).
  
Entanglement detection
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Entanglement detection
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Entanglement detection
  
A successful example
  
Dirac equation
i ℏ∂t=[ p22mV x ]
E2=c2 p2m2c4
● Non-relativistic kinetic 
and potential energy
● Good classical limit.
● Probability fow
● Relativistic energy
● Lorentz invariant
● Probability density
● Antiparticles
[c pmc2 ]=0
Schroedinger Dirac
  
Dirac equation in 1D
[c pmc2 ]=0
{c[0−i ℏc ∂t 1 −i ℏ∂x]mc2}=0
i ℏ∂t=[−i ℏ∂xmcV el x ]
i ℏ∂t=[ x −i ℏ∂xmc zV el x ]
  
Built from pieces
Hilbert space 
combined of atom 
internal states x 
motional states.
L. Lamata et al, PRL, 98, 253005 (2007)
i ℏ∂t=[ x pmc zec V el x]
  
Built from pieces
i ℏ∂t=[ x pmc zec V el x]
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Carrier transition
Sideband
Hilbert space 
combined of atom 
internal states x 
motional states.
L. Lamata et al, PRL, 98, 253005 (2007)
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Experiment 1: Zitterbewegung
C. Roos et al. Nature 463, 68-71 (2010)
  
Experiment I1: Klein paradox
● A particle may turn into antiparticle and enter 
repulsive potential barriers.
J. Casanova et al Phys Rev A, 82 020101 (2010)
[c pmc2−e x ]=0
  
Experiment I1: Klein paradox
● A particle may turn into antiparticle and enter 
repulsive potential barriers.
J. Casanova et al Phys Rev A, 82 020101 (2010)
[c pmc2−e x ]=0
  
Experiment I1: Klein paradox
R. Gerritsma et al arXiv:1007.3683
  
Work in progress
  
Quantum strain
H= p
F. Guinea et al, Nature Physics 6, 30 - 33 (2010)
  
Quantum strain
H=p−A
F. Guinea et al, Nature Physics 6, 30 - 33 (2010)
  
Conclusions
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Quantum Simulation workshop
Benasque Workshop on Quantum Simulation
1-4 March, 2011
http://benasque.org/2011qs/
Registration open!!!
